Purpose We aimed to evaluate the adoption of hypofractionated whole-breast irradiation (HF-WBI) over time and factors related to its adoption for patients undergoing lumpectomy. We also examined whether HF-WBI can increase the overall use of radiotherapy.
Introduction
Conventional fractionated whole-breast irradiation (CF-WBI) therapy, delivered over 5-7 weeks, has been the standard early-stage breast cancer treatment after breastconserving surgery (BCS), as established by multiple randomized trials comparing adjuvant WBI to non-adjuvant treatment [1] . A modified version of the treatment, hypofractionated whole-breast irradiation (HF-WBI), is usually delivered in 16 fractions over about 3 weeks, and has been shown to be as effective as the conventional treatment. Four randomized trials have concluded that HF-WBI has local recurrence rates and disease-free survival rates that are comparable to CF-WBI [2] [3] [4] [5] [6] . Additionally, similar rates of toxicity have been reported between the two fractionation schemes [2, 5, 6] . These trials evaluated several variation of HF-WBI dose schedule, including 42.5 Gy in 16 fractions over 3 weeks [5] , 39, 42.9 or 41.6 Gy in 13 fractions over 5 weeks [2, 4] , and 40 Gy in 15 fractions over 3 weeks [3] . The initial results of the four randomized trials were published between 2002 and 2008. ASTRO published guidelines in 2011, supporting the use of HF-WBI for patients who are older than 50 years, have pT1-2N0 tumor, and are not treated with chemotherapy [7] .
Several studies have shown that the use of HF-WBI therapy has increased in the United States [8] [9] [10] , but detailed information are lacking as to which HF-WBI doses were adopted in practice, how long HF-WBI can be finished in practice, and whether boost radiation was taken after HF-WBI. In addition, previous studies have examined the trend of HF-WBI uptake 2011 or earlier in general population or Medicare population [8, 10] , but it is unclear if the uptake of HF-WBI has changed after the publication of the ASTRO guidelines. NCCN guidelines support post-BCS irradiation except for women C70 years of age with lymph node-negative, estrogen receptor-positive, and T1 breast cancer (https://www.nccn.org), and the percentage of post-BCS irradiation is one of quality care measures endorsed by National Quality Forum (http://www.qual ityforum.org). Therefore, it is important to know if the update of HF-WBI can lead to higher overall use of radiotherapy among patients undergoing BCS or just a redistribution of CF-WBI.
We analyzed the trends in HF-WBI use and implementation in the US using the National Cancer Database (NCDB), a joint project between the American College of Surgeons and the American Cancer Society that collects hospital registry data covering approximately 70% of new breast cancer cases in the US. The NCDB has extensive information on radiation dosages, treatment schedules, fractions, radiation fields, boost fields, and therefore is an ideal dataset to examine HF-WBI radiation. With this database, we are able to evaluate trends in HF-WBI use and factors related to its use compared to CF-WBI. We are also able to document the variation in the dose, fraction, boost regimen, and duration of HF-WBI among different facility types and locations across the country. The findings from this study will help clinicians understand which patients are more likely to receive HF-WBI, the fractionation schemes most commonly used (with and without boost), and the factors related to lower frequencies of HF-WBI implementation.
The aims of this study were three-fold. First, we analyzed the trend in HF-WBI implementation in the US between 2004 and 2013, and examined whether an increase in usage of the HF-WBI modality resulted in an increase in overall radiotherapy usage among breast cancer patients that had received breast-conserving surgery. Second, we investigated factors related to the adoption of HF-WBI by comparing patients receiving HF-WBI and those receiving CF-WBI. Finally, we documented the variation in the dose, fraction, boost regimen, and duration of HF-WBI in the practices in the US.
Materials/methods

Study samples
For this study, data from the NCDB from 2004 to 2013 were used. The study included women who had first cancer diagnosis of breast cancer, had all or part of their first course treatment performed at the reporting facility, and received breast-conserving surgery. Patients with ductal carcinoma in situ (DCIS) and patients with invasive breast cancer who had AJCC pT1-2N0-1 disease were included. Patients who underwent neoadjuvant therapy, had pT3-4N2-3 disease, and underwent mastectomy were excluded.
Outcome measures
In the NCDB, total fractions of radiation, dose to the breast, boost dose, and total days undergoing radiotherapy were recorded. For each patient, we separated the total fractions of radiation therapy into fractions to the breast and fractions in boost radiotherapy, by evaluating the doses to breast and boost, and total days of radiotherapy. Then, we calculated dose per fraction to the breast and dose per fraction in the boost radiotherapy. HF-WBI was defined as 2.5-3.33 Gy per fraction to the breast, whereas CF-WBI was defined as 1.8-2.0 Gy per fraction.
Statistical analysis
We conducted the analysis in three steps. First, we examined the trend of all radiation modalities (including HF-WBI) use from 2004 to 2013 among all patients receiving lumpectomy. In this analysis, women C70 years of age with clinically lymph node-negative, estrogen receptorpositive, and T1 breast cancer were excluded because studies have shown that this group of patients is not always necessary to receive whole-breast irradiation [11, 12] (https://www.nccn.org). In order to examine whether an increase in implementation of the HF-WBI modality resulted in an increase in overall radiotherapy usage, we analyzed the overall trend of all radiotherapy implementation. The analysis was separated for patients with invasive cancer, DCIS, and patients who were aged C50 years, had pT1-2N0 disease, and did not receive chemotherapy. The last subgroup represents patients who had been recommended for HF-WBI by ASTRO in 2011 [7] . We also conducted a trend analysis for patients who lived 50 miles or more away from reporting facilities to gauge if adoption of HF-WBI resulted in an increase in overall radiotherapy usage because inconvenience may be an important reason for low radiotherapy usage in these patients.
Next, we compared patients undergoing HF-WBI with patients undergoing CF-WBI using logistic regression, in order to identify factors related to HF-WBI use. Patient demographic, clinical, and pathologic characteristics were examined, as well as facility-related factors. The analysis for invasive cancer and DCIS was conducted separately. From these multivariable logistic regressions, adjusted odds ratios (OR) and 95% confidence intervals (CI) were calculated. Finally, to find the most common HF-WBI radiotherapy regimens in practice, we tabulated all the combination of radiation dose/fraction to the breast, and dose/fraction during boost. All statistical analyses were conducted using Stata 14 (Stata Corporation, College Station, TX).
Results
Trend of HF-WBI and other radiotherapy modalities Characteristics related to the use of HF-WBI Patients with node-negative, small, or low-grade cancers, were more likely to receive HF-WBI. There were weak associations between laterality, histology, and HF-WBI use, with lobular histology or left-side cancers being less likely to be treated with HF-WBI. Patients who had estrogen receptorpositive cancers but did not receive hormone therapy were more likely to undergo HF-WBI than patients who had estrogen receptor-negative cancers. HF-WBI was less likely to be used after chemotherapy. There was a big variation in HF-WBI use across treating facilities as reflected in the region, type, and volume of facilities. Facilities in mountain census region were the more likely to give patients HF-WBI, followed by facilities in pacific region. As illustrated in Fig. 2 , the use of HF-WBI depends on both facility type and volume: large academic/research cancer programs gave more HF-WBI than large community cancer programs. Among large (C200 patients per year) academic/research cancer programs, the use of HF-WBI increased from 1.6% in 2004 to 21.5% in 2013. Both urban/rural continuum and distance from a patient's home to a cancer facility were associated with HF-WBI use in multivariable analysis and, interestingly, the association was bimodal. Patients living in large metropolitan areas or rural areas were more likely to receive HF-WBI. Patients who lived \5 or C50 miles away were more likely to use HF-WBI. In DCIS patients, 9415 received HF-WBI and 107,866 received CF-WBI. Table 2 displays characteristics for DCIS patients receiving HF-WBI as compared to CF-WBI. Once again, the category with the largest percent of patients receiving the hypofractionated treatment was the 80? age category (18.5%). The characteristics related to HF-WBI use in DCIS patients were similar to those in invasive breast cancer patients, except for laterality, histology, and grade, which appeared to have no effect.
Regimens and delivery of HF-WBI
As radiotherapy regimens for invasive breast cancer and DCIS were similar, we combined them together for the analysis of radiation regimens. Among patients who received HF-WBI, 50.7% also received boost radiation to the tumor bed. By contrast, the majority of patients undergoing CF-WBI received boost radiation (90.5%). Table 3 lists the common HF-WBI regimens. Although the top 10 most common regimens accounted for 78.2% of all HF-WBI, there were 39 distinct regimens each with at least 100 patients being treated. The most common HF-WBI regimen was 42.56 Gy in 16 fractions without a boost (41.4%), followed by 42.56 Gy in 16 fractions with a 10 Gy boost in 5 fractions (13.0%) and 42.56 Gy in 16 fractions with a 10 Gy boost in four fractions (12.7%).
The most common delivery technique for HF-WBI was standard external beam irradiation (72.1%), but the proportions of 3D conformal (17.2%) and intensity-modulated radiation therapy (10.7%) for HF-WBI were higher than those for CF-WBI (3D conformal, 12.2%; intensity-modulated radiation therapy, 9.9%). There was an increasing trend that more 3D conformal radiation therapy was used to deliver HF-WBI in recent years: in 2004, 1.9% of HF-WBI was delivered using 3D conformal and 19.2% delivered using intensity-modulated radiation therapy, while the proportions of using 3D conformal and intensity-modulated radiation therapy were 21.0% and 9.0% in 2013, respectively. Figure 3 presents the distribution of days from the first to the last radiotherapy. The median days of finishing radiotherapy for patients receiving HF-WBI was 26 days (mean = 26.4, 95% range 21-36 days), as compared to 47 days (mean = 47.6, 95% range 35-63 days) for patients receiving CF-WBI. For HF-WBI patients with a boost, the median days on radiotherapy was 29 days and the median days was 23 days for HF-WBI patients without a boost. For CF-WBI patients with and without a boost, the median days on radiotherapy were 47 and 41 days, respectively.
Discussion
The use of HF-WBI has been gradually increasing in the US in recent years in the centers contributing to the NCDB. The increases have occurred both in DCIS patients (from 0.4% in 2004 to 13.4% in 2013) and in invasive breast cancer patients (from 0.7% in 2003 to 15.6% in 2013). Various factors affect the likelihood of a patient receiving HF-WBI; perhaps the most notable factors are the patient's age and the type of treatment facility, i.e., academic/research cancer facilities with a large volume of patients tend to use HF-WBI more. Our study also showed that the adoption of HF-WBI did not increase the overall use of radiotherapy, although there was a moderate increase among patients who lived far away from hospitals. Apparently, the increase in HF-WBI has been offset by the reduction in CF-WBI and APBI use in recent years. For DCIS patients, several observational studies did not find differential risk of local recurrence between HF-WBI and conventional radiotherapy [13, 14] . Despite all the research on the effectiveness of HF-WBI, conventional radiotherapy remained the most common form of radiotherapy for post-lumpectomy breast cancer patients in the US. In this study, we found that there was an increased uptake of HF-WBI from 2004 to 2011 (when ASTRO guideline was published) and a continued increase to 2013, but only 21.4% of patients who are recommended by the guideline received HF-WBI and only 13.4% of DCIS patients received HF-WBI in 2013. A study conducted in the Medicare population found 14.2% of invasive and 11.6% of DCIS patients received HF-WBI in 2011 [10] , while a study conducted in commercially insured population found that 34.5% of hypofractionation-endorsed patients received HF-WBI in 2013 [9] . Another study analyzed NCDB dataset and documented that the rate of invasive patients undergoing HF-WBI was 13.05% in 2011 [8] . By contrast, HF-WBI has already become the standard form of treatment in the United Kingdom, and over 70% of eligible women in ON, Canada received HF-WBI in 2008 [15, 16] .
American physicians have been reluctant to adopt HF-WBI for a variety of reasons. One reason is a fear of increased toxicity, especially late effects of radiotherapy. It has been common belief in oncology that small radiation doses allow normal tissues to repair between fractions, and therefore physicians may be hesitant to go against their traditional beliefs and practices [17] . Many oncologists were waiting for a significant long-term follow-up study, which was not published until 2010 [5] . The two UK trials also showed that HF-WBI has similar or less late toxicities to normal breast tissues, compared to conventional radiotherapy [6] . Recently, two studies conducted in the US demonstrated that HF-WBI had significantly lower rates of early toxicities than conventional radiotherapy [18, 19] , and a 2-year follow-up of the clinical trial in the US showed that patient-reported quality of life and physicianassessed cosmetic outcomes were similar between HF-WBI and CF-WBI arms [20] . Therefore, there should be no fear for toxicities to adopt HF-WBI.
There may be a financial incentive to continue CF-WBI if reimbursement to physicians is based on the number of treatments. In the UK and Canada, where the reimbursement system does not provide incentives, the adoption of HF-WBI was high [15, 16, 21] , though this could be in part due to the fact that the major trials of HF-WBI were performed in these countries. However, an early survey found that in European countries other than the UK, the adoption of HF-WBI has been slow [21] . More contemporary studies of HF-WBI use in European countries are needed. Two interesting findings of our study are the regional variation of HF-WBI adoption and a higher update of HF-WBI in academic or large hospitals. It is possible that doctors in academic centers are more open to the research findings and less prone to financial incentives. This regional variation in HF-WBI and variation in insurance policies in the US could facilitate investigations on the impact of financial incentives on HF-WBI adoption. To achieve standardized HF-WBI in the US, patients should be thoroughly informed of HF-WBI as an encouraged option, and strategies to limit the financial incentives of delivering high fractions could be implemented, such as a method of reimbursing based on a factor other than the number of fractions. In 2013, as part of national Choosing Wisely campaign [22] , ASTRO stated, ''Don't initiate whole-breast radiotherapy as a part of breast conservation therapy in women age C50 with earlystage invasive breast cancer without considering shorter treatment schedules.'' It is important to continue monitoring whether HF-WBI will be widely adopted in the US in future.
There was a wide variation in terms of regimens of HF-WBI in the US. The most prevalent regimens were 42.4-42.72 Gy in 16 fractions without or with a boost, which model the dose schedule from the Canadian clinical trial [5] . Few patients received 40.05 or 40.5 Gy in 15 fractions with or without a boost, which are similar to the regimen in the UK START B trial [3] . HF-WBI schedules given in 13 fractions over 5 weeks were seldom used in the US practices, possibly because of their long duration of treatment [2, 4] . There was no consensus on whether to give a boost to treat the tumor bed after HF-WBI, and about half of the patients received a boost radiation in practice. On average, hypofractionation schedules significantly shortened the duration of radiotherapy by 3 weeks. This study has several strengths, including a large national sample representing both old and young patients, both invasive and DCIS patients. Another strength of this study is its precise definition of hypofractionated radiotherapy. Previous studies defined HF-WBI either according to the total number of radiation fractions only (B24 fractions) [9, 10] , or based on the ratio of total dose to total number of fractions (2.2-4.0 Gy per fraction) [8] .
Whether or not having a boost radiation and early stop of a conventional fractionated RT could misclassify WF-WBI as HF-WBI or vice versa. We took a tedious approach of listing all the combination of dose to the breast, boost dose, number of fraction, and total days on radiation therapy in order to avoid misclassification in radiotherapy type. Using this precise definition, we are able to provide accurate estimate of HF-WBI use patterns in the US, and identify factors associated to HF-WBI use with confidence. The study also has several limitations. First, there is potential underreporting of radiotherapy in cancer registries as previous studies compared registry with medical chart or insurance claim data and found that radiotherapy was underreported by 12-26% [23] [24] [25] [26] . Although a recent study showed that underreporting was less serious for hospitals accredited by the American College of Surgeons, on which the NCDB is based [26] , our estimates of HF-WBI and overall radiotherapy use could be lower than the actual use because of potential underreporting. The underreporting of radiotherapy was higher in rural countries [25] , so the use of HF-WBI for patients living in rural countries might be higher than reported in the NCDB. Second, about 5% of patients were reported to receive radiotherapy, but the type of radiotherapy cannot be determined as dose and fraction were missing. This could have a slightly downward bias on the estimate of HF-WBI use. Third, hospitals that contributed data to the NCDB are more likely to be large or academic centers and less likely to be located in rural area compared to hospitals that did not contribute data to NCDB [27] . We found that patients in large/academic centers and in rural area were more likely to receive HF-WBI; therefore, our estimate of HF-WBI use might be an underestimate (due to less rural hospital in NCDB) or overestimate (due to more academic centers in NCDB) of the true HF-WBI use for the entire US. Since the NCDB captures approximately 70% of all newly diagnosed malignant cancers in the US, the bias will not affect our conclusions.
In summary, use of HF-WBI after lumpectomy was rising between 2004 and 2013 in the US, and magnitude of increase was largest in patients who are 50 or older with node-negative invasive breast cancer, the subgroup recommended for HF-WBI by ASTRO in 2011 [7] . However, the adoption of HF-WBI was far from complete in the US. We observed that HF-WBI reduced the time for radiotherapy by 21 days. Further studies are needed to continue monitor the trend of HF-WBI and investigate the impact of financial incentives on HF-WBI adoption in the US. Promotion of HF-WBI at community cancer facilities and rural areas could increase the overall appropriate use of radiotherapy for breast cancer.
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